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Evidence for Reduced Experience-Dependent Dendritic
Spine Plasticity in the Aging Prefrontal Cortex

Erik B. Bloss,! William G. Janssen,! Daniel T. Ohm,! Frank J. Yuk,! Shannon Wadsworth,! Karl M. Saardi,!

Bruce S. McEwen,’ and John H. Morrison'-2

Department of Neuroscience and 2Department of Geriatrics and Palliative Care, Mount Sinai School of Medicine, New York, New York 10029, and
3Laboratory of Neuroendocrinology, The Rockefeller University, New York, New York 10021

Cognitive functions that require the prefrontal cortex are highly sensitive to aging in humans, nonhuman primates, and rodents, although
the neurobiological correlates of this vulnerability remain largely unknown. It has been proposed that dendritic spines represent the
primary site of structural plasticity in the adult brain, and recent data have supported the hypothesis that aging is associated with
alterations of dendritic spine morphology and plasticity in prefrontal cortex. However, no study to date has directly examined whether
aging alters the capacity for experience-dependent spine plasticity in aging prefrontal neurons. To address this possibility, we used
young, middle-aged, and aged rats in a behavioral stress paradigm known to produce spine remodeling in prefrontal cortical neurons. In
young rats, stress resulted in dendritic spine loss and altered patterns of spine morphology; in contrast, spines from middle-aged and
aged animals were remarkably stable and did not show evidence of remodeling. The loss of stress-induced spine plasticity observed in
aging rats occurred alongside robust age-related reductions in spine density and shifts in remaining spine morphology. Together, the
data presented here provide the first evidence that experience-dependent spine plasticity is altered by aging in prefrontal cortex, and

support a model in which dendritic spines become progressively less plastic in the aging brain.

Introduction

The prefrontal cortex (PFC) controls a wide range of cognitive
processes by integrating information across cortical and subcor-
tical structures to establish and update the “rules of the game” in
a dynamic, continuous fashion (Miller, 2000). Performance on
tasks that require the PFC is highly vulnerable to decline with age
in humans, nonhuman primates, and rodents (Gallagher and
Rapp, 1997; Grady, 2008), although the neurobiological corre-
lates of these deficits remain largely unknown (Hof and Morri-
son, 2004; Burke and Barnes, 2006).

Asaxons and dendrites appear to be relatively stable, dendritic
spines appear to be the primary site of structural plasticity in the
adult brain (Holtmaat and Svoboda, 2009). Spines form the post-
synaptic component of excitatory synapses in neocortical circuits
and are capable of rapid formation, expansion, contraction, and
elimination (Grutzendler et al., 2002; Trachtenberg et al., 2002;
Matsuzaki et al., 2004; Okamoto et al., 2004; Zhou et al., 2004;
Yasumatsu et al., 2008). Individual spines exhibit a wide, dy-
namic morphological continuum, the vast majority of spines be-
ing characterized by a thin neck and small, thin head (i.e., thin
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spines), whereas others have a thin neck and a large, mushroom-
shaped head (i.e., mushroom spines) or no neck and a stubby
appearance (i.e., stubby spines) (Peters and Kaiserman-Abramof,
1970; Harris and Stevens, 1989). Individual spine morphology
can predict both spine stability and synaptic strength, as large
spines generally persist for weeks to months and form strong
synapses, whereas small spines are generally transient and form
weaker synapses (Takumi et al., 1999; Matsuzaki et al., 2001,
2004; Yasumatsu et al., 2008). Because of these properties, large,
mushroom-type spines have been hypothesized to represent
physical substrates of long-term memories (i.e., memory spines),
and small, thin spines may represent the capacity for adaptive
experience-dependent rewiring of neuronal circuits (i.e., learn-
ing spines) (Kasai et al., 2003).

The dynamic nature of functions ascribed to the PFC suggests
that prefrontal neurons are highly dependent on spine plasticity.
This view is consistent with observations that PFC neurons have
higher spine densities than neurons in visual or temporal cortices
(Elston, 2000). Recently, our group reported selective thin spine
loss in aged monkey layer III dorsolateral PFC neurons (Dumi-
triu etal., 2010). Furthermore, changes in thin spine morphology
correlated with the ability to acquire a delayed nonmatching-to-
sample task (Dumitriu et al., 2010), suggesting that age-related
behavioral impairments may be a function of changes in thin
spine plasticity. These patterns of spine changes are suggestive
of an overall reduced ability to rewire PFC circuits in aged
animals, although no study has directly examined the capacity
for experience-dependent spine plasticity in aging prefrontal
neurons. Here we test the hypothesis that aging spines show re-
duced plasticity in a behavioral stress paradigm known to pro-
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duce spine remodeling (Radley et al., 2006,
2008). The data presented here provide the
first evidence that experience-dependent
spine plasticity mechanisms are altered by
age in the PFC.

Materials and Methods

Animals and stress paradigm. The animals used
were the same as those used in our previous
study (Bloss et al., 2010). Male Sprague Dawley
rats (Harlan) at 3, 12, and 20 months of age (i.e.,
young, middle-aged, and aged; n = 20-22 per
age) were single-housed in clear polycarbonate
cages (45 X 25 X 20 cm) with woodchip bed-
ding on a 12:12 light:dark cycle at 21 = 2°Cand
allowed standard rat chow and tap water ad
libitum. Rats were allowed 1 week to acclimate
to the Rockefeller University vivarium before
the onset of our stress paradigm. Chronic re-
straint stress entailed placing rats in wire mesh
restrainers at 1000 h and removing them at
1600 h daily for 21 consecutive days. To deter-
mine the transient or persistent nature of stress
effects on prefrontal neurons, a recovery group
was included in these studies and was allowed
to rest for an additional 21 d in the same vivar-
ium. All experiments were conducted in com-
pliance with the NIH guidelines for the Care
and Use of Experimental Animals and ap-
proved by the Institutional Animal Care and
Use Committees at Mount Sinai School of
Medicine and Rockefeller University.

Perfusions and tissue processing. Approxi-
mately 24 h after the last stressor, animals were
overdosed with 100 mg/kg sodium pentobarbi-
tal and perfused with 1% paraformaldehyde at
50 ml/min in 0.1 M phosphate buffer (ice-cold, pH 7.3) for 1 min, then
with 4% paraformaldehyde plus 0.125% glutaraldehyde in 0.1 M phos-
phate buffer (ice-cold, pH 7.3) at 50 ml/min for 12 min. Brains were
removed, postfixed for 6 h in the paraformaldehyde-glutaraldehyde fix-
ative, and cutinto 250 wm coronal sections using a Vibratome (VT1000S;
Leica). Sections encompassing the entire prelimbic (PL) cortex of the
medial PFC [PL anterior border, 5.16 mm; PL posterior border, 2.52 mm
from bregma (Paxinos and Watson, 2005)] were stored in 0.1 M PBS at
4°C until ionophoretic cell filling.

Tonophoretic cell filling. Tonophoretic cell filling was performed exactly
as described previously (Radley et al., 2006; Bloss et al., 2010). Approxi-
mately five or six sections per animal were available for cell filling, en-
compassing the entire rostral-caudal extent of the PL cortex. Sections
were stained with 4,6,-diamidino-2-phenylindole for 5 min to identify
the dorsoventral PL borders and the neocortical laminae under ultravi-
olet epifluorescence. Neurons in layer III of the PL cortex were impaled
with a glass micropipette containing 5% Lucifer yellow (Invitrogen) in
distilled water and injected at 1-6 nA for ~5 min to completely fill all
distal aspects of the dendritic tree. Slices were washed in PBS, mounted
on SuperFrost Plus microscope slides (Fisher Scientific), coverslipped
with FluoroMount-G (Becton Dickinson), and stored at 4°C.

Confocal laser scanning microscopy and NeuronStudio spine morpholog-
ical analysis. Using dendritic traces generated from the same neurons in
our previous study (Bloss et al., 2010), concentric circles in increments of
75 wm in diameter were drawn over the trace from the center of the cell
soma to provide a systematic sampling of distal, intermediate, and prox-
imal dendritic segments (Fig. 1A, B). A random subset of five to nine
neurons was imaged per animal. Approximately one to four secondary or
tertiary segments at 225, 150, and 75 wm from the soma in the apical tree
and at 75 um from the soma in the basal tree per cell were captured by
laser scanning microscopy using a Zeiss 510 confocal microscope
equipped with an argon laser, Zeiss 100X 1.4 NA oil-immersion objec-

Figure 1.
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Spine sampling and reconstructions. 4, B, Layer |1l PL neurons were ionophoretically labeled with Lucifer yellow (4)
and systematically sampled at 75 m intervals in the apical and basal tree (B). (—E, Raw confocal laser scanning microscopy
images were acquired (C), deconvolved toimprove resolution and remove the point spread along the z-axis (D), and analyzed using
a custom-built NeuronStudio software package (E). F, High-resolution example of dendritic spine analysis. Circles of all colors,
maximum head diameter measures; yellow circles, thin spines; orange circles, mushroom spines; pink, stubby spines. See Materials
and Methods for details. Scale bars: A, B (in B), 75 pm; (=F, 5 um.

tive, and ZEN software (Fig. 1C). To be included in the analyses, seg-
ments from dendritic branches had to satisfy the following criteria: (1)
located within a depth of 100 wm from the surface of the section because
of the limited working distance of the objective, (2) be either parallel to or
at acute angles relative to the coronal surface of the section to allow
unambiguous identification of spines, and (3) segments had no overlap
with other branches that would obscure visualization of spines. Condi-
tions such as laser excitation (458 nm), fluorescence emission capture
(505-530 nm), pinhole size (1 airy disc), and frame averaging (4 frames/
z-step) were held constant throughout the study. Confocal z-stacks were
taken with a digital zoom of 3.3, a z-step 0f 0.1 um, and at 512 X 512 pixel
resolution, yielding an image with pixel dimensions of 0.05 X 0.05 X 0.1
um. Z-stacks were deconvolved using AutoDeblur software (version
8.0.2) (Fig. 1 D) to improve voxel resolution and reduce optical aberra-
tion along the z-axis, and were then imported and analyzed using
custom-built NeuronStudio software (Rodriguez et al., 2006, 2008; Rad-
ley et al., 2008). Three-dimensional automated NeuronStudio analysis
included spine density, spine type (e.g., mushroom, thin, stubby), and
spine head diameter (Fig. 1E). Spines were classified as thin or mush-
room if the ratio of their maximum head diameter to maximum neck
diameter was >1.1. Of the spines that met this criterion, those with a
maximum head diameter <0.4 um were classified as thin spines and
those with maximum spine head diameters >0.4 wm were classified as
mushroom spines. Spines with a head:neck ratio <1.1 were classified as
stubby spines. Filopodia, characterized by long, thin protrusions without
a swelling at the distal tip, were encountered very rarely and were scored
as thin spines. To minimize bias, all analyses were done blind to the
experimental condition.

Statistical analyses. Dendritic spine parameters were initially collapsed
across all dendritic distances (i.e., overall analysis), averaged for each
animal, and analyzed using a one-way ANOVA followed by Bonferroni’s
post hoc tests (GraphPad Software). Subsequent analyses at specific den-
dritic distances (i.e., 225 um apical tree, 150 wm apical tree, 75 um apical
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Figure 2.  Stress-induced dendritic spine plasticity on neurons from young animals. 4, Representative dendritic segments from control (left), stress (center), and recovery (right) neurons from

young animals. Scale bar, 5 um. B, Three weeks of stress exposure was associated with reductions in spine density throughout the apical, but not basal, tree; spine density was reduced on recovery
neurons when collapsed across all dendritic distances, but not when analyzed separately. €, D, Stress was associated with mild decreases in thin spine density (€), whereas mushroom spine densities
were not changed by stress exposure (D). E, Stress resulted in significant decreases in stubby spine density, specifically at 150 pm from the soma in the apical tree. F, Stress did not alter mean spine
head diameter (Hd). G, Individual head diameter frequencies were shifted to the right at 225 um from soma in both stress and recovery spines compared with controls. Bar graphs represent the

group mean == SEM. H, I, Spines at 150 and 75 pum were unaffected. *p << 0.05, **p << 0.005, and ***p < 0.0001 compared with controls. See Results for details.

tree, and 75 wm basal tree) were performed using mean values composed
of all segments from each distance within an animal and analyzed using a

Table 1. Summary of the number of animals, neurons, and spines included in each
group

. < Treatment Control Stress Stress + recovery

two-way repeated-measures ANOVA with condition/age as a between
groups factor, distance as a within-groups factor, and Bonferonni post ~ Young
hoc tests to probe differences between individual groups. Note that for Animals 7 6 7
the sake of space, overall datasets appear on the same graph as specific Neurons 45(5-8) 41(5-8) 49(5-8)
distance datasets, although they were analyzed differently (i.e., one-way Spines 17532 (1915-3122) 13218 (1643-2521) 16564 (1771-2680)
ANOVA vs two-way ANOVA). Cumulative frequency distributions of ~ Middle-aged
spine head diameter were composed of all individual spines at each apical Animals 8 7 7
distance and analyzed with Kolmogrov—Smirnov goodness-of-fit hy- Neurons 45 (5-6) 42 (5-8) 42 (5-7)
pothesis tests (MatLab). For all tests, « was set to 0.05 and Bonferroni Spines 13903 (1149-2190) 15243 (1264 -3058) 12269 (1457-2230)
corrections were applied where appropriate. Aged

Animals 7 8 7
Results Neurons 50 (5-9) 52 (5-8) 50 (6-38)
Interaction between stress and age on dendritic spine density Spines 15251 (1408-2534) 15194 (1414-2502) 13287 (1631-2084)

To determine whether age and stress interacted to regulate spine
density on PL neurons, we first performed a two-way ANOVA
across all groups and ages. We found a main effect of age (F( 1, =
110.02, p < 0.0001), but not of stress condition (F, ;,,, = 1.08,
p > 0.05), and a significant interaction (F,,,, = 7.474, p <
0.0001) (data not shown). These results suggest that stress af-
fected dendritic spine density in an age-dependent manner.

Stress and dendritic spine plasticity in young animals

To further analyze the effects of stressful experience on dendritic
spines from young animals, we examined ~46,900 spines (Fig. 2A;
Table 1). We found a main effect of stress condition on overall
spine density (F, 3, = 10.00, p < 0.005), with reductions in
stress (p < 0.01) and recovery neurons ( p < 0.05) compared
with controls (Fig. 2 B). When analyzed as a function of dendritic

The effects of aging were determined by comparing the control animals from each age group. Numbers in paren-
theses represent the range of neurons and spines used within each group.

distance from the soma, two-way ANOVA revealed effects of
condition (F, 3, = 12.92, p < 0.0005) and distance (F;5,) =
17.71, p < 0.0001) with no interaction; stressed neurons
showed reduced spine density compared with controls at 225
(p<0.01),150 (p <0.001),and 75 ( p < 0.05) wm from the
soma in the apical tree, but not at 75 wm from the soma in the
basal tree; in contrast, recovery neurons did not significantly
differ from control or stress neurons at any of these distances.
We concluded that stress selectively reduced dendritic spine
densities on apical, but not basal, dendritic branches; further-
more, recovery from stress allowed for moderate spine re-
growth in these apical domains.
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Figure3.  Spine stability on middle-aged neurons. 4, Representative dendritic segments from control (left), stress (center), and recovery (right) neurons from middle-aged animals. Scale bar, 5

m. B, In contrast to neurons from young animals, stress exposure did not alter spine density in middle-aged neurons. C~F, Thin (€), mushroom (D), and stubby (E) spine densities and mean spine
head diameters (F) were unaltered by stress or recovery. Bar graphs represent the group mean == SEM. G, H, Individual head diameter (Hd) frequency distributions at 225 pvm (G) from soma showed
minor differences between control and recovery animals, whereas frequency distributions at 150 m (H ) were significantly different between stress and recovery animals. /, Spines at 75 um in the

apical tree were indistinguishable by group.

As spine morphology is known to influence spine function, we
next determined whether spine losses in young neurons were
driven by a particular morphological population of spines (i.e.,
thin, mushroom, or stubby). Although an initial ANOVA showed
a near-significant effect of condition on overall thin spine density
(p = 0.0576) (Fig. 2C), a second analysis separating thin spine
density as a function of dendritic distance revealed significant
effects of condition (F(,;, = 4.384, p < 0.05) and distance
(F51y = 14.10, p < 0.05) with no interaction. Post hoc tests
showed that the density of thin spines was not significantly dif-
ferent in either stress or recovery groups at any distance com-
pared with controls. Similar analyses of mushroom spine density
revealed no overall effects of condition and we did not find any
main effects of distance, condition, or an interaction when we
analyzed the dendritic domains separately (Fig. 2 D). There were,
however, significant changes in overall stubby spine density
(F2,30) = 5.744, p < 0.05) (Fig. 2E) and subsequent analysis by
distance revealed main effects of condition (F, 5, = 4.383, p <
0.05), distance (F(55,) = 3.218, p < 0.05), and an interaction
(F6.102) = 2.394, p < 0.05). Post hoc tests revealed a reduction in
stubby spines at 150 wm from the soma in the apical tree (p <
0.001) between control and stress neurons, with no differences
found between controls and recovery neurons. Collectively, these
data suggest stress-induced reductions in spine density were pri-
marily due to losses of stubby and thin spines within apical do-
mains, whereas mushroom spines remained unaffected.

To further understand the effects of stress on spine morphol-
ogy, we analyzed mean spine head diameter. We found no effect
of condition on overall mean head diameter (Fig. 2 F) and anal-
ysis of mean head diameter as a function of distance from soma

revealed an effect of distance (F; 5,) = 6.467, p < 0.001) but not
condition or condition-by-distance interaction. As mean values
are rather insensitive to subtle changes, we used cumulative fre-
quency plots to measure shifts in individual spine head diame-
ters. We found stress caused a selective shift in head diameters at
225 um from the soma in the apical tree relative to control spines
(Kolmogorov—Smirnov test, p < 0.0005). This effect was also
presentinrecovery spines compared with controls (Kolmogorov—
Smirnov test, p < 0.0005), with no difference between stress and
recovery spines (Fig. 2G). Individual spine head diameters at 150
and 75 wm did not differ between the groups (Fig. 2H,I).

In summary, these data suggest stress is associated with selec-
tive decreases in dendritic spines in apical, but not basal, domains
in PFC neurons from young animals. Moreover, the fact that
stress causes a reduction in primarily thin and stubby spines but
not mushroom spines was associated with an increase in spine
head diameter at distal domains. A 3 week recovery period is
associated with a modest return of spine density, but not spine
morphology, in distal spines.

Stress and dendritic spine stability in aging animals

We next tested whether neurons from middle-aged animals ex-
hibited similar stress-induced spine density and morphological
changes after stress exposure. Approximately 41,400 spines were
included in this age group (Fig. 3A; Table 1). A one-way ANOVA
showed no effect of stress on spine density collapsed across all
dendritic distances (Fig. 3B) and subsequent two-way ANOVA
analysis of spine density as a function of dendritic distance re-
vealed a significant effect of distance (F(; 5,, = 26.92, p < 0.0001)
but not of condition or a condition-by-distance interaction. Sim-
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unaffected by stress or recovery.

ilarly, no effects were found on thin, mushroom, or stubby spine
densities (Fig. 3C—E) when they were collapsed across all dis-
tances. Subsequent analyses separating the data by dendritic do-
main revealed main effects of distance on thin (F(; 5,) = 34.15)
and stubby (F; 57y = 10.25, p < 0.001) spine density, but no main
effect of condition for either spine type. We did not find effects of
distance or condition on mushroom spine densities. These anal-
yses provide evidence that spine density is unaffected in response
to chronic stress exposure in neurons from middle-aged animals.

To address the possibility that stress causes spine morpholog-
ical remodeling in the absence of spine density changes, we ex-
amined the stress and distance effects on the mean spine head
diameter and the frequency distribution of head diameters. Anal-
ysis of collapsed mean spine head diameter revealed no effect of
condition and a subsequent analysis as a function of distance
from the soma showed a main effect of distance (F; s,y = 5.617,
p < 0.005) but not of condition or condition-by-distance inter-
action (Fig. 3F). Analysis of individual spine head diameters re-
vealed no consistent pattern of morphological remodeling,
although we found a minor difference among spine size distribu-
tions between control and recovery spines at 225 um (Kolmogo-
rov-Smirnov test, p < 0.05) and between stress and recovery
spines at 150 um (Kolmogorov—Smirnov test, p < 0.05) (Fig.
3G-I). Thus, in contrast to stress-dependent changes in young
animals, neurons from middle-aged animals exhibit marked ri-
gidity in both density and morphology.

We next explored whether neurons from aged animals (i.e., 20
months) exhibited stress- or recovery-related remodeling of
spines. We analyzed ~43,700 spines in this age group (Fig. 4A;
Table 1). Similar to middle-aged animals, we found no effect of
condition on overall spine density in neurons from aged animals.

Subsequent analysis as a function of distance revealed a main
effect of distance on spine density (F; s,y = 24.62, p < 0.001) but
no main effect of condition or condition-by-distance interaction
(Fig. 4 B). Collapsed analyses of spine density by spine type (Fig.
4C-E) showed no overall effects of conditions on any spine type
and subsequent two-way ANOVAs analyzing subtypes across the
different dendritic domains showed effects of distance on thin
(F3.57) = 27.59, p < 0.0001) and stubby (F; s,y = 3.775, p <
0.05) spines with neither type showing effects of condition or
condition-by-distance interactions. Mushroom spine density did
not differ by either distance or condition.

We next determined whether aged spines showed evidence of
stress-induced spine morphological remodeling. Collapsed anal-
ysis of overall mean head diameter showed no effect of condition
and analysis of spine head diameter as a function of distance
using a two-way ANOVA showed a main effect of distance
(F3,57) = 10.48, p < 0.001) but no main effect of condition or
condition-by-distance interaction (Fig. 4 F). Analysis of individ-
ual spine head diameter distributions at 225, 150, and 75 um did
not reveal any significant differences between the groups (Fig.
4G-I). From these data, we conclude that, like middle-aged ani-
mals, PL neurons from aged animals failed to respond to stress
exposure with changes in density or morphology.

Aging-related spine loss and altered spine morphology

We focused on whether the failure of stress-associated spine
changes in the aging neurons was associated with age-related
changes in spine density and/or morphology. In this analysis, we
used data obtained from our control animals at each age (Fig. 5A;
Table 1). Analysis of overall spine density revealed robust effects
of age (F,35) = 53.96, p < 0.0001), with differences between
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Figure 5.  Changes in spine density and morphology on aging control neurons. A, Representative dendritic segments from young control (left), middle-aged control (center), and aged control

(right) animals. Scale bar, 5 um. B, Robust decreases in spine density were found across all aging control neurons. €, Thin spine densities were progressively decreased across the dendritic tree with
age. D, Mushroom spine densities were decreased at distal segments in middle-aged compared with young neurons, but otherwise remained stable between young and aged animals. E, Like thin
spines, stubby spine densities progressively decreased across the dendritic tree with age. F, Aging was associated with significant increases in mean spine head diameter overall and specifically in
distal apical segments of aged, but not middle-aged, animals. Bar graphs represent the group mean = SEM. G-/, Individual head diameter (Hd) frequency distributions were significantly shifted
to the right at all apical distances in aged spines relative to both young and middle-aged spines. *p << 0.05, **p << 0.005, and ***p << 0.0001 compared with young. *p << 0.05 compared with

middle-aged. See Results for details.

young and middle-aged (p < 0.001), young and aged (p <
0.0001), and middle-aged and aged ( p < 0.05) animals (Fig. 5B).
Subsequent two-way ANOVA analysis of spine density as a
function of dendritic distance showed main effects of distance
(Fis.57) = 14.59, p < 0.0001) and age (F, 55, = 51.7, p < 0.0001)
but no age-by-distance interaction. Post hoc tests revealed robust
differences between young and middle-aged and between young
and aged at 225, 150, and 75 wm on the apical dendrites and 75
um on the basal dendrites ( p < 0.0001 for all analyses). Middle-
aged and aged spine densities did not differ at any specific dis-
tance examined. These data suggest aging is associated with
widespread spine loss on layer IIT PFC neurons across all areas of
the apical and basal dendritic tree, and contrasts with the more
selective pattern of apical spine loss observed in young animals
exposed to stress.

We next asked whether these age-related spine losses were
from any specific spine type populations. We found overall ef-
fects of age on thin spine density (F, 55y = 43.91, p < 0.0001)
with decreases in middle-aged (p < 0.0001) and aged (p <
0.0001) compared with young animals, as well as a decrease be-
tween aged compared with middle-aged animals ( p < 0.05) (Fig.
5C). Two-way ANOVA to determine whether thin spines were
lost across the entire dendritic tree found main effects of distance
(Fis.57) = 14.8, p < 0.0001) and age (F, 55, = 40.59, p < 0.0001)
but no age-by-distance interaction; these data reveal differences
in thin spine density observed across all dendritic domains be-
tween young and middle-aged ( p < 0.001 for all distances) and
between young and aged ( p < 0.001 for all distances) animals. In

addition, we found a significant difference between middle-aged
and aged animals at 150 wm ( p < 0.05). Mushroom spine density
analysis (Fig. 5D) revealed an overall effect of age (F(, 55, = 4.837,
p < 0.05), with a significant difference between young and
middle-aged ( p < 0.05), but not young and aged, neurons. Two-
way ANOVA of mushroom spines by dendritic distance showed
no significant effects of distance but an effect of age (F, 15 =
4.991, p < 0.05) such that neurons from middle-aged animals
had lower mushroom spine densities at 225 and 150 um (p <
0.05 for both) in the apical tree compared with neurons from
young animals. Collapsed analysis of stubby spines (Fig. 5E) re-
vealed an overall effect of age (F(, 5y = 15.31, p < 0.0001), with
differences between young and middle-aged (p < 0.001) and
young and aged ( p < 0.0001) animals, but not between middle-
aged and aged animals. Subsequent two-way ANOVA analysis of
stubby spine density showed main effects of distance (F;s,) =
5.098, p < 0.001) and age (F, 34) = 11.85, p < 0.001) with no
age-by-distance interaction; post hoc tests revealed stubby spine
density was reduced at 225 ( p < 0.05) and 150 um ( p < 0.001)
from the soma in the apical tree in middle-aged compared with
young animals, and across all distances in aged compared with
young animals (225 um, p < 0.01; 150 um, p < 0.001; 75 wm
apical, p < 0.05; 75 um basal, p < 0.001). No differences in
stubby spine density were observed between middle-aged and
aged animals at any distances. Together, these data provide evi-
dence that age-related spine losses were primarily due to thin and
stubby spines; mushroom spines, in contrast, remained relatively
stable across all ages. Because stubby spines did not differ between



Bloss et al. ® Aging, Stress, and Dendritic Spine Plasticity

neurons from middle-aged and aged animals, our data provide evi-
dence that the progressive nature of spine loss between 12 and 20
months is best explained by a further loss of thin spines.

Finally, we examined whether morphological changes oc-
curred in spine head diameter as a result of the aging process. We
found a main effect of age on collapsed mean spine head diameter
(F2,38) = 8.820, p < 0.05) with differences between young and
aged (p < 0.01) and between middle-aged and aged ( p < 0.01)
spines (Fig. 5F). Subsequent two-way ANOVA of mean spine
head diameter by distance revealed main effects of distance
(F3,57) = 6.592,p < 0.001) and age (F, 35, = 9.393, p < 0.005) in
spine head diameter, but no age-by-distance interaction. We
found increases in mean head diameter in aged spines at 225 and
150 wm compared with young ( p < 0.001 and p < 0.05, respec-
tively) and between aged and middle-aged ( p < 0.05 for both
distances) spines. We next tested for potential age-related
changes in the frequency of individual spines by head diameter; a
clear difference was revealed at 225, 150, and 75 wm from soma in
the apical tree between young and aged spines (Kolmogorov—
Smirnov tests: 225 um, p < 0.0001; 150 wm, p < 0.0001; 75 um,
p < 0.0001) (Fig. 5G-I). We also found differences in frequency
distribution between middle-aged and aged spines (Kolmogorov—
Smirnov tests: 225 um, p < 0.005; 75 wm, p < 0.0001), suggesting
the shift in head diameter distribution primarily occurred be-
tween 12 and 20 months. These data corroborate the notion that
the spine loss between middle-aged and aged animals is com-
prised principally of thin spines.

Together, these results suggest spine loss with aging is charac-
terized by a selective and progressive decrease of thin and stubby
spines while large, mushroom-type spines remain stable. As a
result, these processes are reflected by an increase in mean head
diameter in aged spines, which is not yet evident in middle-aged
spines. Last, these results provide a crucial link between age-
related changes in spine morphology and reductions in the ca-
pacity to undergo experience-dependent spine plasticity.

Discussion

Here, we used a chronic stress paradigm to determine how spine
plasticity was affected by aging in PFC neurons. Our systematic
sampling procedure and automated spine analysis allowed us to
sample >130,000 dendritic spines in an unbiased fashion. Our
major findings are that changes in spine density and morphology
with stress in young rats are absent in middle-aged and aged rats,
and that loss of spine plasticity occurs alongside age-related de-
clines in spine density and shifts in spine morphology. The pres-
ent study provides the first direct evidence that aging modulates
the capacity for experience-dependent spine plasticity in PFC
neurons.

Stress-induced spine alterations in young animals
These data corroborate previous studies showing that stress re-
duces spine density on PL neurons (Radley et al., 2006, 2008; Liu
and Aghajanian, 2008; Hains et al., 2009). As in earlier reports,
stress selectively reduced apical, but not basal, dendritic spines
(Radley et al., 2006; Dias-Ferreira et al., 2009; Hains et al., 2009).
Since spines exhibit constant turnover in neocortex (Bhatt et al.,
2009), we conclude that stress-induced reductions of spine den-
sity are the result of either decreased rates of spine formation or
increased rates of spine elimination. Future studies using in vivo
repeated spine sampling will be required to differentiate these
two possibilities.

To our knowledge, the current study is the first to test whether
a stress-free recovery period results in normalization of spine
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densities on PL neurons. In contrast to previous reports demon-
strating dendritic recovery from stress exposure (Radley et al.,
2005; Goldwater et al., 2009; Bloss et al., 2010), our observations
suggest stress-induced changes at the level of the spine may per-
sist through a 3 week recovery period. However, the effect of
stress plus recovery on spine density was not seen when analyzed
by dendritic distance, and total estimated spine number per api-
cal dendritic tree was not different between control and recovery
animals (data not shown). Together with previous studies (Rad-
ley et al., 2005; Goldwater et al., 2009; Bloss et al., 2010), the
current findings imply a high level of adaptive structural plastic-
ity in neurons that may be functionally relevant to recovery-
related behavioral normalization (Sousa et al., 2000; Liston et al.,
2009).

In addition to spine loss, we report here that stress causes
morphological changes at distal apical dendritic spines in young
animals. Although we found no change in mean spine head di-
ameter with stress or recovery, the frequency distribution of spine
size on apical dendrites 225 wm from the soma was shifted to the
right, indicating increased head diameters in stress and recovery
animals. These observations contrast with a recent report, which
found stress caused a shift toward smaller spines (Radley et al.,
2008). This discrepancy could be explained by several experimen-
tal differences, as the imaging parameters and random sampling
scheme differed between the two studies, or the random sample
of neurons included in the current analysis might be composed of
different subpopulations of layer IIT PL neurons. In support of
this last possibility, experience-dependent spine changes are cell-
type-dependent even within neurons located in the same layer
(Holtmaat et al., 2006) and the effects of stress on neuronal re-
modeling in layer III infralimbic cortical neurons are circuit-
specific (Shansky et al., 2009). Future studies will be needed to
resolve whether stress-induced changes in PL spine morphology
are a function of circuit, morphological, physiological, and/or
molecular characteristics.

Stress fails to alter spines in aging animals

We previously reported that aging animals undergo stress-
induced weight loss, adrenal gland hypertrophy, and reductions
of PL dendritic complexity (Bloss et al., 2010). Furthermore, a
substantial amount of literature suggests that the effects of stress
on cognitive, neuroendocrine, biochemical, and cellular mea-
sures are exacerbated in aged animals (for review, see Sapolsky et
al., 1986; Sapolsky, 1999; Lupien et al., 2009; Juster et al., 2010).
Based on this literature, we anticipated enhanced spine changes
in response to stress in aging animals. In contrast, the major
finding here is that middle-aged and aging animals showed min-
imal evidence of spine remodeling in response to stress. At both
ages, repeated stress failed to alter spine density and produced
minimal shifts in spine morphology. These results provide strong
evidence that spines on layer III PFC neurons in aged animals
exhibit a remarkable stability and/or rigidity.

Although the techniques used here allow only a temporal
snapshot of spines, we conclude that the failure of stress exposure
to induce spine loss is evidence that aging has profound effects on
spine dynamics in PFC. Alternatively, it remains possible that
aging selectively inhibits stress-dependent spine plasticity while
leaving other forms of spine plasticity in PFC intact. However,
our interpretation is consistent with in vivo two-photon data that
demonstrate rates of spine turnover decrease and spines become
progressively more stable over time (i.e., months) in mouse neo-
cortex (Grutzendler et al., 2002; Holtmaat et al., 2005; Yang et al.,
2009).
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Age-related changes in spines accompany reduced plasticity
Comparisons between our young and aging control rats revealed
progressive age-related reductions in spine density, including
~20% loss in middle-aged and ~30% loss in aged animals. In
contrast to the selective spine remodeling in response to stress,
age-related spine loss was readily apparent in distal, intermediate,
and proximal dendritic branches in the apical and basal tree.
These data corroborate previous observations from aging rat,
nonhuman primate, and human studies of prefrontal cortical
spines (Jacobs et al., 1997; Duan et al., 2003; Hao et al., 2007;
Brennan et al., 2009; Dumitriu et al., 2010), suggesting spine loss
is a conserved consequence of aging in the PFC.

Furthermore, our analysis revealed that the majority of spines
susceptible to aging were characterized as thin and stubby spines,
whereas mushroom spines were mostly resistant to aging. To our
knowledge, this is the first report of any morphological pattern of
spine vulnerability (or resilience) in the aging rat neocortex. As
the vast majority of spines on PFC neurons are thin spines, in
absolute terms our data support the hypothesis that the most
vulnerable spine population to aging is thin, small spines. These
data are similar, but notidentical, to the patterns seen in the aging
monkey dorsolateral PFC where thin spines are selectively lost
while larger, mushroom spines remain (Hao et al., 2007; Dumi-
triu et al., 2010). Furthermore, our findings that mushroom
spines display marked stability are consistent with two-photon
studies showing that the large majority of stable, persistent spines
in vivo are mushroom-type spines (Trachtenberg et al., 2002;
Holtmaat et al., 2005).

Quantitative analysis of spine morphology revealed a signifi-
cant overall increase in mean spine head diameter from aged
animals relative to spines from young and middle-aged animals.
This effect is most significant in distal segments of the apical tree,
but is also evident in proximal apical and basal segments. Cumu-
lative frequency plots also demonstrate that spines from aged, but
not middle-aged, animals are shifted toward those bearing larger
head diameters. Because of the tight relationship between spine
morphology and synaptic glutamate receptor content (Takumi et
al., 1999; Matsuzaki et al., 2001), it is likely these age-related
morphological changes are associated with a shift toward larger
synapses predominantly expressing AMPA receptors and a con-
comitant shift away from small, NMDA receptor-dominated
synapses.

Functional implications

Previous reports observed impairments on working memory
tasks as early as middle-age in animals and humans (Moore et
al., 2006; Bizon et al., 2009; Salthouse, 2009), suggesting the
impairment in spine plasticity seen in middle-age animals may
be functionally relevant. Future studies should focus on
whether variability in spine dynamics explains individual dif-
ferences in cognitive performance commonly seen across ag-
ing animal models. Along these lines, hypothalamic-pituitary-
adrenal axis activity has been linked to individual differences
in age-related cognitive decline (Sapolsky et al., 1986; Issa et
al., 1990; Lupien et al., 1998; Bizon et al., 2001) and could
potentially mediate or modulate age-related changes in syn-
apse dynamics (DeKosky et al., 1984).

The present data contrast with studies of aging rat and mon-
key hippocampus, where synaptic density remains intact. For
example, axospinous synapse number appears unchanged in
aged dentate gyrus (Geinisman et al., 1986; Hara et al., 2010) and
CA1 (Geinisman et al., 2004), though there is evidence to suggest
a selective vulnerability of large, perforated synapses in both re-
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gions that correlates with behavioral performance (Geinisman et
al., 1986; Nicholson et al., 2004). Such a differential vulnerability
between large spines in hippocampus and small spines in PFC
may pose a considerable challenge in designing therapeutics to
rescue age-related cognitive decline.

Together, these experiments provide evidence that age-
related dendritic spine alterations are associated with dimin-
ished experience-dependent neocortical spine plasticity. Our
data support a model in which dendritic spines become progres-
sively less plastic with age in PFC. These changes might reflect an
age-related pathological change short of neurodegeneration or,
alternatively, an evolutionary program that favors neuronal cir-
cuit stability over plasticity as we age. Either way, understanding
how this process occurs, and which aspects may be amenable to
treatment, should be a major goal for future studies aimed at
ameliorating changes in neuronal plasticity and cognition during

aging.
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